In the not too distant future, clinical management of Alzheimer disease (AD) is likely to resemble the present management of atherosclerotic disease. Sometime before an individual reaches age 50, an internist will initiate a screening program to determine that person's risk for developing AD. This assessment will include a comprehensive genetic screen for AD-risk loci, determination of plasma amyloid β peptide (Aβ) levels, family history of AD, and, perhaps, potential environmental risks. Depending on the risk prediction, a follow-up visit with an Alzheimer specialist may be scheduled. During this visit, an amyloid-binding agent will be injected and used to evaluate the extent of amyloid deposition in the brain. Based on the amount of deposition present and the initial risk assessment, the specialist will then develop a personalized therapeutic regimen. This regimen might consist of an Aβ vaccination, an amyloid-lowering drug, an anti-inflammatory agent, a neuronal growth factor, an antioxidant, or a combination of these approaches. The efficacy of therapy will be monitored by measurement of plasma Aβ levels, imaging of amyloid in the brain, and volumetric scanning of the brain. Primary screening, along with monitoring of the presymptomatic indicators of disease, and appropriate intervention will significantly reduce one's risk for developing AD.
40-amino acid Aβ peptide (Aβ40) and a 42-amino acid Aβ peptide (Aβ42). At the same time, a cognate CTFγ is produced. Two homologous polytopic membrane proteases, referred to as presenilins 1 and 2 (PS1 and PS2), are likely γ-secretases. If they are not γ-secretases, PSs are at least essential cofactors for this cleavage (7) .
A great deal of evidence that Aβ is not a disease marker, but that it plays a causal role in the development of AD pathology, emerges from a variety of genetic, pathological, and biochemical studies (8) (9) (10) ). These studies demonstrate, first, that mutations in the APP, PS1, and PS2 genes that are linked to the earlyonset forms of familial AD increase total Aβ, specifically increase the relative amount of long Aβ peptides ending at Aβ42, or alter the primary sequence of Aβ so that it is more fibrillogenic (11, 12) . Second, apoE4, a major risk factor in typical LOAD, increases Aβ deposition (13) . Third, Aβ42 deposits as amyloid more rapidly than do shorter species (14) . Fourth, overexpression of familial AD-linked mutant APPs, or coexpression of mutant APP and familial AD-linked PSs in the brains of transgenic mice, leads to Aβ deposition and other AD-like pathology (15) . Fifth, Aβ can self-aggregate in vitro, and these aggregates can directly and indirectly mediate neurotoxicity (16) .
Recent evidence from the study of British familial dementia (BFD) and familial Danish dementia (FDD) provides further support for the hypothesis that Aβ accumulation in the brain is the cause of AD. BFD and FDD are late-onset dementing disorders characterized by non-Aβ plaques, tangles, and neuronal loss. As in AD, the primary defect in BFD appears to be the abnormal generation of a peptide with amyloidogenic properties (17, 18) . Thus, in two additional disorders, accumulation of an amyloidogenic peptide is linked to dementia.
Collectively, these data support a modified version of the amyloid cascade hypothesis (19) . This modified cascade is schematically illustrated in Figure 2 . Initially, investigators proposed that Aβ accumulation as amyloid triggered a pathological cascade that ultimately produced the complete pathological and clinical symptoms of AD. Today, this hypothesis remains valid, except that it is less clear whether Aβ deposited as amyloid, or some other less well characterized Aβ aggregate, initiates the cascade leading to neuronal death and dysfunction. Indeed, small Aβ oligomers (20) , also referred to as Aβ-derived diffusible ligands (ADDLs), and protofibrils (21, 22) have emerged as alternative aggregated forms of Aβ that may mediate toxicity. Moreover, there is some evidence that intracellular accumulations of Aβ may also be neurotoxic (23, 24) . In any case, the evidence that Aβ accumulation initiates AD pathology provides a framework in which to develop rational approaches for AD therapy based on altering Aβ accumulation ( Figure 1) .
Downstream effects of Aβ accumulation.
At the present time, the Aβ-induced pathological cascades leading to neuronal dystrophy and death are not nearly as well defined as the pathways leading to Aβ generation and accumulation. This might be attributable to the failure of animal models to fully recapitulate the pathological features of AD, especially with respect to the development of NFTs and neuronal cell death (25) . Multiple pathways are also likely to mediate Aβ toxicity. There is evidence that Aβ can be directly neurotoxic, induce oxidative stress, incite an inflammatory response, and alter calcium homeostasis. These events might be mediated by direct interaction of Aβ aggregates with cellular membranes, or by the binding of Aβ to microglial and neuronal cellular receptors (26) (27) (28) .
One important downstream event in the Aβ-induced cascade appears to be the development of neurofibrillary pathology. NFTs are intracellular inclusions composed of approximately 10-nm paired helical filaments (PHFs). PHFs themselves are composed of hyperphosphorylated bundles of the microtubule-binding protein tau (29) . Abnormal accumulations of hyperphosphorylated tau are also seen in the swollen, tortuous, neuritic processes often, but not exclusively, found in association with senile plaques. Genetic evidence from the study of frontotemporal dementia with parkinsonism linked to chromosome indicates that mutations in tau cause this disease, which is characterized by cell death and neurofibrillary pathology (30, 31) . Moreover, overexpression of FTDP mutant tau is sufficient to induce NFT pathology and neurofibrillary degeneration in transgenic mice (32, 33) . In such mice, Aβ injection or crossing of the tau mutant mice with APP transgenic mice results in enhanced NFT formation (33, 34) . Significantly, FTDP-linked tau mutations do not cause alterations in Aβ. Thus, it appears that tau pathology is an important aspect of the pathological cascade induced by Aβ. Therapies aimed at modulating Figure 1 Aβ generation, aggregation, and sites for therapeutic intervention. APP is a type I transmembrane protein that is processed in several different pathways. The Aβ generation pathway is shown. Generation of Aβ in the β-secretase pathway requires two proteolytic events, a proteolytic cleavage at the amino-terminus of the Aβ sequence, referred to as β-secretase cleavage, and a cleavage at the carboxy-terminus, known as γ-secretase cleavage, which results in another carboxy-terminal fragment (CTFγ). Although many Aβ peptides of various lengths can be produced in this fashion, the two of most interest are Aβ40, which is the predominant Aβ peptide, and Aβ42, which is typically produced at much lower levels than Aβ40. Although both peptides can aggregate, Aβ42 is thought to aggregate much more rapidly and to seed the aggregation of Aβ40. Sites for anti-Aβ intervention are indicated. Scissors indicate proteolytic cleavages. "sAPPβ" refers to the large secreted derivative generated by β-secretase cleavage of APP.
the Aβ-induced changes that lead to NFT formation are likely to be of some benefit in AD. Unfortunately, these pathways are not well defined, and no inhibitors of this process have been identified.
The rationale for anti-Aβ therapy. Based on this evidence, it is not unreasonable to propose that the role Aβ plays in AD is akin to the role cholesterol plays in atherosclerotic disease. Age-associated accumulation of either triggers a complex pathological lesion that, after a long period of time, results in clinical symptoms. Moreover, just as numerous factors contribute to cholesterol deposition, numerous factors can also influence Aβ accumulation. Finally, just as lowering cholesterol levels has proven beneficial in the management of atherosclerotic disease, therapies aimed at reducing Aβ accumulation are likely to be effective in preventing AD. It is likely that the reduction in total Aβ levels need not be complete in order to have some benefit if preventive therapy can be initiated. In AD caused by most mutations in APP, PS1, or PS2, Aβ42 levels are increased by as little as 30% (12) . Such an elevation can result in the onset of AD 30-40 years earlier than typical LOAD. By inference, it is likely that reducing total Aβ levels by 30%, or effecting similar selective reductions in the highly pathogenic Aβ42, may delay the development of AD to such an extent that it is no longer a major health care problem.
Anti-Aβ therapies under development Secretase inhibitors.
Research clarifying the metabolic pathways that regulate Aβ production has revealed that the secretases that produce the Aβ may be good therapeutic targets since inhibition of either β-or γ-secretase decreases Aβ production. More progress has been made in developing γ-secretase inhibitors, because highthroughput screens carried out in the pharmaceutical industry have identified numerous γ-secretase inhibitors. Multiple classes of potent γ-secretase inhibitors have now been described, and several of these have been shown to target both PS1 and PS2 (refs. [35] [36] [37] [38] ; reviewed in ref. 7) . At least one γ-secretase inhibitor is in clinical trials. Moreover, treatment of mice with a γ-secretase inhibitor reduces Aβ levels in the brain and attenuates Aβ deposition (39) . However, despite these advances, numerous concerns over the use of γ-secretase inhibitors as AD therapeutics remain. These concerns center on target-mediated toxicity caused by interference with γ-secretase-mediated Notch signaling (40, 41) ; inhibition of signaling mediated by newly recognized γ-secretase substrates (such as the epidermal growth factor receptor ErbB4) or unrecognized substrates (42) ; or accumulation of potentially neurotoxic APP CTFβ, which invariably occurs when γ-secretase is inhibited (43, 44) .
Although the development of β-secretase inhibitors has lagged behind the development of γ-secretase inhibitors, many believe that β-secretase is likely to be a better therapeutic target. β-Secretase (BACE1, for β-site APP-cleaving enzyme) knockout mice produce no Aβ, yet they have no obvious pathological phenotype (45, 46) . Significantly, the crystal structure of BACE1 has been solved (47, 48) . Such structural information will surely speed the drug discovery efforts, currently underway, to develop potent nonpeptidic BACE1 inhibitors. Although the knockout studies partially allayed fears that BACE1 inhibition might be problematic due to inhibition of cleavage of non-APP substrates, concerns remain regarding target-mediated toxicity. Moreover, the crystal structure of BACE1 reveals a wide, active-site gorge that may be difficult to target with small-molecule inhibitors (47, 48) .
Very recently, several Food and Drug Administration-approved (FDA-approved) NSAIDs, including ibuprofen, sulindac, and indomethacin, have been shown to be selective Aβ42-lowering agents (49) Besides known genetic pathways, a pathway in which normal Aβ levels in the context of normal aging may lead to Aβ accumulation is shown. "APPSw" refers to the APP Swedish mutant linked to familial AD; this mutation alters the lysine-methionine sequence immediately preceding Aβ to asparagine-leucine. Trisomy 21 is also known as Down syndrome.
over, long-term treatment of APP transgenic mice with ibuprofen attenuates Aβ deposition (50) . Although the mechanisms by which these NSAIDs lower Aβ42 have not been established, the effect is independent of cyclooxygenase inhibition, which is the primary antiinflammatory target of these compounds (49) . These substances do not change the total level of Aβ produced but, rather, shift cleavage from Aβ42 to a shorter 38-amino acid Aβ peptide (Aβ38). This finding suggests that they are interacting with γ-secretase. Although the contribution of Aβ38 to AD pathology is not known, it is generally accepted that Aβ42 is the pathogenic Aβ species (9) . Therefore, investigators believe that lowering Aβ42 levels is a therapeutic strategy worthy of further investigation. The implications of these findings, with respect to the therapeutic potential of anti-inflammatory agents, will be discussed shortly.
Cholesterol-altering drugs. Epidemiologic data and data from model systems indicate that cholesterol-altering drugs may have an impact on the development of AD, and that this effect could be attributed to effects on Aβ accumulation. Retrospective studies on β-hydroxy-β-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statins) show a large reduction in the risk for developing AD in individuals taking these drugs (51, 52) , whereas individuals with elevated cholesterol are at higher risk for the development of AD (53) (54) (55) (56) . In culture and animal model systems, statins and other cholesterol-lowering agents decrease Aβ levels and Aβ deposition (57-59), whereas high-cholesterol diets in APP transgenic mice increase Aβ deposition (60) . In addition, inhibitors of acetyl coenzyme A:cholesterol acyltransferase (ACAT), the enzyme that converts free cholesterol to cholesterol esters, also appear to decrease Aβ production (61).
Cholesterol's role in Aβ metabolism appears to be quite complex and is the subject of recent reviews (62, 63) . Cholesterol-modulating drugs could influence Aβ deposition by (a) directly influencing Aβ production through alterations in secretase activity, (b) directly altering Aβ deposition, or (c) indirectly influencing Aβ deposition by altering levels of factors such as apoE. Alternatively, it is possible that the beneficial effect of cholesterol-lowering drugs on AD is related not to effects on Aβ, but rather to the fact that a CNS ischemic event can convert preclinical AD to clinically diagnosable dementia (64) . It is worth noting that in a prospective population-based study, high systolic blood pressure was associated with a higher relative risk for AD than elevated serum cholesterol levels were (56) . Nevertheless, regardless of the mechanism, treatment with statins or other cholesterol-altering agents may have a significant clinical benefit in the prevention of AD.
The complex interaction of cholesterol with Aβ indicates that there are many potential ways to alter Aβ metabolism. Other examples of the complex effects of drugs on Aβ metabolism include the action of the PI3K inhibitor wortmannin (65) . Wortmannin inhibits Aβ production, both in cells and in vivo, apparently by altering APP trafficking. Although such drugs do not selectively target Aβ, if these compounds are relatively nontoxic (which is not the case for wortmannin), they are reasonable candidates for anti-Aβ therapy.
Therapies targeting Aβ aggregation or removal. Because Aβ aggregation appears essential for the initiation of the AD pathogenic cascade, it may also be possible to prevent AD by altering Aβ aggregation or removing aggregates that are already formed. A number of research groups are currently exploring the development of direct Aβ aggregation inhibitors (66) . While some encouraging results have been reported in animal models (67, 68) , these compounds are peptide-like and unlikely to make good drugs. An alternative strategy for altering Aβ aggregation was reported recently. In APP transgenic mice treated with clioquinol (an antibiotic and bioavailable Cu/Zn chelator), marked reduction in Aβ deposition occurred after several months of treatment (69) . Zinc and other divalent cations appear necessary for Aβ aggregation (70) . Thus, metal chelation may have some therapeutic benefit in the treatment of AD, either by preventing Aβ aggregation or by disrupting preformed aggregates. Clioquinol is a reasonably well tolerated drug in humans and is currently in a phase II clinical trial for AD.
One of the most surprising developments in anti-Aβ therapy is Aβ immunization. Direct immunization with aggregated Aβ42 was originally shown to attenuate Aβ deposition significantly in APP transgenic mice (71) . Aβ immunization now appears to be effective in reducing amyloid deposition in multiple mouse models when mice are immunized, either actively with Aβ, or passively with intact anti-Aβ antibodies (72) (73) (74) (75) (76) . However, it appears that there are some limits to the ability of immunization to clear existing plaques. Immunization of mice with large initial amyloid loads does not have a significant impact on amyloid deposition (76) . Whether this lack of clearance can be attributed to an inherent limitation of the immunization approach or to the lack of production of sufficient amounts of anti-Aβ to clear large amounts of Aβ is unknown. In the latter case, one would postulate that simply increasing the amount of anti-Aβ would cause more Aβ to be cleared. Significantly, several groups have shown that, even in the apparent absence of any effect on Aβ load in the brain, Aβ immunization can ameliorate a cognitive deficit in reference memory and working spatial memory in APP transgenic mice (74, 77) . This suggests that, even in the absence of Aβ reduction, immunization may have some therapeutic effect. However, given that the relationship between memory deficits observed in these mice and those in humans with AD is unknown, the significance of this behavioral correction in mice is unclear.
Of interest are experiments showing that the local application of anti-Aβ to the brain can result in rapid clearance and resolution of the plaques, along with a robust microglial infiltration and activation (78) . Based on these observations, it may be possible to rapidly clear existing Aβ deposits, at least in mouse models, given sufficient local concentrations of anti-Aβ in the brain. While questions regarding mechanisms abound, it is thought that antibodies to Aβ do one or more of the following: (a) enhance clearance of Aβ, (b) disrupt Aβ fibrils, (c) prevent Aβ fibril formation, and/or (d) block the toxic effects of Aβ aggregates.
Although the initial phase I trial of Aβ42 immunization in humans was well tolerated, the discontinuation of the phase II trial due to meningio-encephalitic presentation in about 5% of the study group represents a severe setback for direct immunization strategies. Unfortunately, due to the paucity of information on the nature of the side effects, all hypotheses regarding the nature of the postvaccination syndrome remain highly speculative (79) . Very recent data now show that one patient with the postvaccination syndrome did have modest anti-Aβ titers and high levels of anti-Aβ antibodies in the cerebrospinal fluid (CSF) (80, 81) . This patient did respond to steroid-induced immunosuppression, but the anti-Aβ titers remained unchanged after recovery. Although it has been suggested that the high CSF anti-Aβ titers caused disease in this individual, it is equally likely that the high CSF titers were the result of the meningio-encephalitic presentation, perhaps due to a T cell response against Aβ or APP.
Studies of Aβ metabolism reveal a number of potential therapeutic strategies that may alter Aβ accumulation in the AD brain. Agents targeting Aβ-induced cascades are also being evaluated; however, it is much more difficult to determine the potential efficacy of these, since the APP mouse models do not demonstrate all of the pathological features apparent in the AD brain. Moreover, because of the lack of clarity regarding how Aβ leads to neuronal dysfunction and death, most therapeutic modalities targeting downstream effects of Aβ are not necessarily specific to AD. Thus, agents such as antioxidants, neurotrophic factors, apoptosis inhibitors, and other neuroprotective agents may all be of benefit in the treatment of AD. They are also likely to be of general utility in other neurodegenerative conditions.
One intriguing modality currently being considered for AD treatment is the use of NSAIDs. Multiple epidemiologic studies support a role for the use of NSAIDs in preventing the development of AD. Based on the known mechanism of action of NSAIDs and the evidence for an Aβ-induced inflammatory cascade in the AD brain, it is proposed that the anti-inflammatory property of these drugs is responsible for their apparent benefit to patients with AD. The recent data demonstrating that some NSAIDs can selectively lower Aβ42 raise the possibility that this mechanism, rather than the anti-inflammatory property of these compounds, confers protection (49) . Alternatively, it may be the anti-inflammatory property, or a combination of the anti-inflammatory and Aβ42-lowering properties, that confers protection. Significantly, several NSAIDs are currently being tested for efficacy in either treating or preventing AD. However, only one of the current trials is using an NSAID, ibuprofen, that potentially lowers Aβ42.
Primary prevention or therapeutic intervention?
The epidemiologic data supporting a protective role for both statins and NSAIDs in AD indicate that primary prevention of AD may be feasible. Whether therapeutic intervention is likely to have a disease-modifying effect is much more controversial. Definitive insight into the temporal progression of AD is lacking. However, evidence (gathered from the study of AD-like pathological features in the brains of patients with Down syndrome) suggests that Aβ accumulation precedes clinical cognitive impairment by many years, or even decades (82) . Moreover, recent data using registered volumetric MRI show that brain atrophy begins prior to the onset of symptoms in carriers of AD-linked PS mutations (83, 84) . If Aβ is deposited for years before symptoms appear, then what is the trigger for the cognitive decline? Since the trigger is unknown, it is quite likely that anti-Aβ therapy will be more effective when implemented prior to the onset of disease symptoms.
Predicting the risk for development of AD
Although it is possible that anti-Aβ agents will demonstrate disease modification when they are given to patients with early stages of AD or mild cognitive impairment, failure to show efficacy in these patients should not prevent further study of these drugs' usefulness in the prevention of AD. However, several obstacles will impede the rapid testing of agents in preventive trials if they fail in initial therapeutic trials. The first is that any drug used for primary prevention must be safe. Because of this, drugs such as statins and NSAIDs, which are well tolerated, will likely be tested in a preventative paradigm before novel secretase inhibitors or immunization approaches are tested. The second obstacle centers on the lack of ability to predict who is likely to develop AD. Thousands of subjects are needed for primary prevention studies, which are therefore both difficult to conduct and very expensive. Improvement in the ability to predict who is likely to develop the disease will allow trials on only those individuals at high risk for AD, clearly helping primary prevention studies. Although predictive tests for AD are lagging behind therapeutic advances, future developments in AD genetics, discovery or validation of predictive biomarkers, and advances in imaging are likely to identify individuals at high risk for development of AD, thus enabling primary prevention trials to be conducted in a more cost-effective and efficient manner.
Identifying genes that confer risk for LOAD. Concordance rates in LOAD between identical twins are quite high, suggesting that AD has a very significant genetic component (85, 86) . Moreover, family history of AD is a very important risk factor. ApoE4, located on chromosome 19, is currently the only established genetic risk factor for LOAD. However, more than 50% of individuals who develop LOAD lack an apoE4 allele, and some apoE4 homozygotes do not develop AD (87) . Additional potential AD-risk genes have been identified on chromosomes 6, 9, 10, and 12; association studies also implicate other candidate genes as risk factors for AD (88) . A locus on chromosome 10 is currently under intense scrutiny, because three independent analyses identify this region as one likely to contain a gene or genes that contributes significantly to AD risk (89-91). Of note, one of these studies found evidence for linkage using plasma Aβ42 levels as an intermediate phenotype for AD (90) . New data on the human genome will speed discovery of genes involved in LOAD. In the future, analyses of multiple genes will play a significant role in identifying individuals at high risk for developing AD.
Predictive biomarkers. CSF Aβ, tau, and isoprostane measurements are receiving attention as potential diagnostic biomarkers for AD (92) (93) (94) (95) . Given the accuracy of current clinical diagnoses of AD, such diagnostic procedures are not likely to significantly impact the management of AD. What is really needed is a predictive biomarker that can be used to predict risk for developing AD, and also to monitor treatment. Although measurement of plasma Aβ levels is still a long way from finding a place in the clinical management of AD, there is emerging evidence that such measurements may be useful, both in predicting risk for developing AD and for monitoring anti-Aβ therapy (90, 96) . Plasma Aβ42 levels are elevated in patients with AD-causing mutations in APP, PS1, or PS2 (12) . In at least one study, patients with higher plasma Aβ levels developed AD more rapidly than those with lower Aβ levels (97, 98) . Moreover, it appears that plasma Aβ levels are at least partially genetically determined (96) . Ongoing prospective studies should enable a more complete evaluation of the potential role of plasma Aβ as a predictive biomarker for the development of AD.
Imaging. If Aβ deposition precedes clinical AD by many years, it should be possible to monitor presymptomatic amyloid deposition. Recent studies show that Aβ can be imaged in transgenic mice, following peripheral administration of amyloid-binding compounds, which suggests that imaging of amyloid deposits in living patients will be feasible in the near future (78, 99, 100) . Moreover, advances in MRI resolution may one day make imaging amyloid as routine as MRI scans are today (101, 102) . Such advances will be extremely useful, because they may identify individuals at risk for imminent development of AD.
Monitoring disease progression using biomarkers and imaging
Any disease-modifying therapy must show clinical efficacy in order to be approved for the treatment or prevention of AD. This means that the rate of cognitive decline must be decreased or halted. Until that hurdle is overcome, ancillary studies examining effects of any therapy on Aβ or other biomarker levels in the plasma or CSF, on amyloid load in the brain, or on brain atrophy are largely meaningless. Once a convincing link is established between changes in any of these biomarkers and a clinically appreciable disease-modifying effect, approval of future drugs, which work through a similar mechanism, may require only that they modify linked biomarkers. For this reason, it is extremely important to monitor these parameters in current and future clinical trials. Studies with novel agents that assess both biomarkers and cognitive outcomes may be much more informative than studies that only assess clinical outcomes.
Summary
Cognitive enhancers that target acetylcholinesterase remain the only FDA-approved therapies for the treatment of the cognitive decline in AD. Such therapy is unlikely to modify the course of the disease to any significant extent. In contrast, therapies currently being developed that are based on an increased understanding of the pathogeneses of AD are likely to have disease-modifying effects. Given the plethora of potential targets, it is likely that successful anti-Aβ therapies will emerge. The major challenge that remains is to show that such therapies actually alter cognitive decline in humans. The medical community should be cautious in evaluating the efficacy of anti-Aβ drugs, as they may not show such disease-modifying effects when given in therapeutic trials. To restate the analogy to atherosclerotic disease, by the time a patient is experiencing angina, the patient needs a bypass or angioplasty, not a cholesterol-lowering agent (although after intervention such an agent would be appropriate). Similarly, in AD, by the time a patient is symptomatic, Aβ-lowering therapies may not be effective. We must hope that advances in diagnostic prediction and monitoring of disease progression proceed with a pace that equals the advances currently being made in developing AD therapeutics that target Aβ. If they do, then it is likely that AD will become manageable through a combination of presymptomatic screening, early therapeutic intervention, and vigilant monitoring of the effectiveness of treatment.
